The progesterone receptor (PGR) is induced by luteinizing hormone (LH) in granulosa cells of preovulatory follicles, and the PGR-A isoform is essential for ovulation based on the phenotypes of Pgr isoform-specific knockout mice.
INTRODUCTION
Timed induction of genes in preovulatory follicles in response to the luteinizing hormone (LH) surge is critical for successful ovulation [1] and must occur transiently and rapidly before granulosa cells are reprogrammed to luteinize [2] . A delay in these processes may result in luteinization but not ovulation as observed in the progesterone receptor (PGR) knockout (Pgr À/À ; PRKO mice) [3, 4] . The PGR is a nuclear transcription factor that is induced in granulosa cells of preovulatory follicles following the LH surge [5] . Two isoforms of PGR (PGR-A and -B) are differentially expressed and required in various target tissues. PGR-A, but not PGR-B, is obligatory for the ovulatory process [4, 6] . Preovulatory follicular development appears to be normal in Pgr and Pgr-A null mice, but they do not ovulate and entrapped oocytes are present in the corpora lutea of hormonally primed mice. The role of PGR in the transcriptional regulation of ovulatory genes has been investigated using hormone-primed wild type and PRKO mouse models [2, 3, 7] . Gene-profiling analyses of RNA samples derived from ovaries of these mice have identified numerous genes whose expression patterns were dramatically altered. These genes include a disintegrin and metalloproteinase with thrombospondin-like repeats (Adamts1) [3] , cathepsin L (Ctsl) [3] , cGMP-dependent protein kinase II (Prkg2) [8] , endothelin 2 (Edn2) [9] , synaptonemal protein 25 (Snap25) [10, 11] , a disintegrin and metalloproteinase 8 (Adam8) [12] , and peroxisome proliferator-activated receptor gamma (Pparg) [7] . Thus, disruption of the Pgr in granulosa cells of ovulating follicles in vivo blocks ovulation and affects a diverse set of the genes that control protease activity, cGMP signaling, exocytosis, and inflammation. Recent studies also indicate the existence of membrane-bound progesterone receptors in granulosa cells that may mediate progesterone action in the ovary by signaling through protein kinase G and inhibit granulosa cell mitosis and apoptosis [13] . However, the role of these receptors in ovulation has not been thoroughly investigated.
The mechanism(s) by which nuclear PGRs regulate the expression of genes associated with ovulation appears to be dependent, in part, on protein kinases A (PKA) and C (PKC) and, most likely, MAPK1/3 [14, 15] , indicating that the phosphorylation of PGR, PGR coregulatory molecules, or other factors is required for PGR to mediate its effects [7] [8] [9] [10] . Moreover, promoter regions of the PGR-regulated genes identified and analyzed thus far do not contain consensus progesterone receptor-binding sites [7, 8, 10, 16, 17] . Transient transfection of granulosa cells with various promoter-reporter constructs and PGR expression vectors or adenoviral vectors documented that PGR alone induces a small effect that is amplified by activation of PKA and PKC [10, 12, 16] . Specifically, when granulosa cells were infected with a PGR-A adenoviral vector, little effect was observed on either the Prkg2 or Snap25 promoter activity. However, PGR enhanced the effects of forskolin (Fo) and phorbol ester [8, 10] . Based on deletional analyses and sitespecific mutations of other transcription factor-binding sites within the promoters of several genes regulated by PGR, we have documented that PGR likely enhances the functional activity of SP1 at GC-rich regions [10, 16] .
Although numerous studies have been conducted to determine PGR target genes that affect ovulation, the dependence of LH/ cAMP signaling for the induction of the PGR itself in the in vivo experimental models used complicates the interpretation and identification of those genes that are primarily regulated by PGR. Therefore, to determine if there are genes regulated by PGR in granulosa cells in the absence of LH activation of PKA, PKC, and MAPK1/3, we express PGR-A, PGR-B, and a DNA-binding domain (DBD) mutant of PGR-A in granulosa cells using an adenoviral delivery system. This allows us to separate the need for LH to induce PGR from other effects of LH on granulosa cell functions. Admittedly, this is a biased approach but one that we predict will unveil additional PGR-regulated genes. Gene profiling of the PGR-expressing granulosa cells reveals that multiple genes are regulated selectively by PGR-A versus PGR-B in the absence of activating kinase signaling cascades.
MATERIALS AND METHODS

Reagents
Equine chorionic gonadotropin (eCG; Gestyl) was purchased from Professional Compounding Center of America (Houston, TX), and human chorionic gonadotropin (hCG; Pregnyl) was from Organon Special Chemicals (West Orange, NJ). Media and cell culture reagents were obtained from Invitrogen (Carlsbad, CA). Phorbol 12-myristate 13-acetate (PMA) and Fo were procured from Calbiochem (San Diego, CA); amphiregulin (AREG) was obtained from R&D Systems (Minneapolis, MN). RT-PCR, electrophoresis, and molecular biology grade reagents were procured from Promega Corp. (Madison, WI). Oligonucleotides were synthesized by Sigma-Genosys (Houston, TX), Myc-tag polyclonal antibody was obtained from Cell Signaling (Beverly, MA). The monoclonal antibody directed toward PGR, kindly provided by Prof. Dean Edwards (Baylor College of Medicine, Houston, TX), has been described in previous studies [18, 19] . ZK98299 was a kind gift provided by Bayer Schering Pharma (Berlin, Germany); RU486 and R-5020 was provided by Prof. Nancy L. Weigel (Baylor College of Medicine).
Generation of PGR Adenovirus
The Myc-tagged PGR-A adenoviral vector was generated using a human PGR-A expression vector provided by Drs. Neil McKenna and Rainer Lanz (Baylor College of Medicine) as described earlier [8] . Briefly, after cloning the PGR-A expression plasmid into pAdeno-X (BD Biosciences, San Jose, CA), the human hPGR-A-Myc adenovirus (AdVPGR-A-Myc) was generated by Vector Development Laboratory (Baylor College of Medicine). We have described this adenovirus in our earlier studies to investigate PGR regulation of gene expression in granulosa cells [8] . A Lac-Z adenovirus (AdVLacZ) obtained from Vector Development Laboratory was used as the negative control. Human PGR-B and PGR-A DNA-binding mutant adenoviral vectors were kind gifts from Dr. Dean P. Edwards (Baylor College of Medicine). The respective adenoviral vectors were expanded and characterized at the Vector Development Laboratory.
Animals
Rat granulosa cells were used for characterizing the expression of adenoviral PGR vectors. Intact immature (23-days old) Holtzman Sprague Dawley female rats (Harlan Sprague Dawley, Inc., Indianapolis, IN) were injected with estradiol-17b (E) for 3 days (1.5 mg E/0.1 ml in propylene glycol), and the ovaries were harvested for isolation of granulosa cells as described earlier [20] . For microarray analyses and all other experiments, immature (23-days old) C57BL/6 mice were obtained from Harlan Sprague Dawley, Inc. Mice were injected i.p. with 4 international units (IU) eCG to stimulate follicular growth, and granulosa cells were harvested by needle puncture after 44 h as described previously [8] . Pgr þ/À and null (PRKO) mice were also used in these studies. The genotyping of the Pgr mutant immature mice was carried out as described previously [3, 4] . The Pgr mutant mice were injected i.p. with 4 IU eCG followed 44 h later with 5 IU hCG to stimulate follicular development and ovulation. At selected time intervals following the hCG, the mice were euthanized, and the ovaries were harvested for RNA extraction and analyses. Rats and mice were housed under a 12L:12D schedule in the Center for Comparative Medicine (Baylor College of Medicine) with food and water given ad libitum and were treated in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals as approved by the Animal Care and Use Committee at Baylor College of Medicine.
Granulosa Cell Cultures
Granulosa cells were cultured in 12-well culture plates in 1% serumcontaining medium (DMEM: F-12 containing penicillin and streptomycin). On the following day, cells were washed and then cultured for 4 h in fresh, serumfree medium containing PGR-A-Myc or Lac-Z adenoviral vectors for 0-48 h at a multiplicity of infection of 2:1. To determine the effect of addition of ligand on PGR function, R-5020 was added to the cultures for the last 4 h of the experiment. The PGR inhibitor RU486 (1 nM) was added 45 min prior to agonist treatment and also in the media of cells infected with the PGR-A-Myc adenovirus. Other cultures were treated with Fo (10 lm) to stimulate cAMP production, with PMA (20 nm) to activate diacylglycerol-mediated signaling, or with both for 4 h. The cells were subsequently harvested for protein or RNA analysis at 4 h. Fo and PMA have previously been used to mimic the effects of the LH surge for optimal induction of Ptgs2 and Pgr in cultured rat granulosa cells [20, 21] . Some cultures were treated with the epidermal growth factor (EGF)-like molecule AREG (100 ng/ml), known to mediate some actions of LH [22] [23] [24] , or with R-5020 alone (10 nM) for 4 h.
Cell Extracts and Western Blot Analysis
Protein was extracted from cultured granulosa cells using a whole cell extract buffer (10 mm Tris, pH 7.4, 1 mm EDTA, 1 mm dithiothreitol, 400 mm KCl, 10% glycerol, and protease inhibitors), and equal volumes of extract from each treatment group were loaded onto gels. Samples were resolved in 10% acrylamide gels under reducing SDS-PAGE conditions and transferred to polyvinylidene difluoride membranes (Immobilon-P, Millipore Corp., Bedford, MA). Membranes were blocked with 5% nonfat milk for 2 h followed by overnight incubation with either Myc-tagged or PGR antibody (1:1000 dilution), and then washed with TBST (10 mm Tris, pH 7.5, 150 mm NaCl, and 0.1% Tween 20) . Subsequently, blots were incubated with horseradish peroxidase linked to anti-rabbit IgG (1:12 500 dilution) (GE Healthcare, Piscataway, NJ), then washed with TBST. Immunoreactive bands were detected using enhanced chemiluminescence (ECL) according to the manufacturer's specifications (Pierce Chemical Co., Rockford, IL).
RNA Extraction and Gene Profiling by Affymetrix Microarrays
The PGR-regulated genes in primary mouse granulosa cells were determined by microarray analyses of RNA prepared at 16 h after infection with adenoviral vectors. The cells were infected with AdVLacZ, AdVPGR-AMyc, or AdVPGR-B for 16 h. Some of the cells infected with the PGR adenoviral vectors were also treated with R-5020 for 4 h before harvesting to determine those genes that are regulated in response to the ligand. After 16 h, total RNA was isolated from cultured granulosa cells using the RNA Easy Mini Kit (QIAGEN Sciences, Germantown, MD) according to the manufacturer's instructions. RNA quality was confirmed using the Agilent Bioanalyzer 2100 and the NanoDrop ND-1000 spectrophotometer. Before the RNA samples were subjected to array analyses, the expression of PGR was confirmed by RT-PCR and protein analyses [8] . Affymetrix Microarrays using the Mouse Genome 430 2.0 platforms were run using triplicate RNA samples derived from cells expressing PGR-A as well as duplicate samples prepared from cells expressing PGR-B. Sþ Array Analyzer 2.1, a statistical package in S-PLUS 8.0 (Insightful Corporation, Seattle, WA), was used to analyze the microarray data. Probelevel data analysis was performed on the Affymetrix CEL files using the robust multichip analysis method. Further, the probe sets absent across all the chips were also filtered out before the differential expression testing was determined using the local pooled error test, a statistical test designed for low replicates (2) (3) (4) , to determine genes differentially expressed at a P-value 0.01. Multitest comparison tests were then performed using Benjamin and Hochberg methods to filter out false positives. Functional analysis was performed in Ingenuity Pathways Analysis 6.5 (Ingenuity Systems, Redwood City, California). The processed data were exported and presented as tables in the present study. The PGR-regulated genes are expressed as fold induced or fold decreased relative to the LacZ controls.
Semiquantitative RT-PCR
Total RNA was isolated from cultured mouse granulosa cells or mouse ovaries using TRIzol reagent (Life Technologies, Inc., Carlsbad, CA) and purified as described in the manufacturer's instructions. Each RNA sample was prepared from ovaries pooled from two or three animals or culture wells. To determine the expression of Pgr or its target genes, 2 lg of RNA were reverse transcribed in a 20-ll reaction containing oligodeoxythymidine (Amersham Pharmacia Biotech) and AMV reverse transcriptase (Promega Corp.) at 428C for 75 min. Complementary DNA (2 ll), obtained from reverse transcription reaction, was subjected to labeled PCR with [P 32 ] deoxy-CTP (ICN, Los Angeles, CA) using Taq polymerase and specific primers for the respective genes (Table 1 ). All the PCR reactions were carried out within the PGR-REGULATED GENES IN GRANULOSA CELLS linear range of amplification as determined by PCR amplification of the target gene at different cycles ranging from 22-25 cycles and quantitated by densitometry. The ribosomal protein L19 (Rpl19) was employed as an internal control. PCR products were resolved in a 6% PAGE gel that was dried and autoradiographed. The products were quantified using PhosphoImager (Molecular Dynamics, Inc., Sunnyvale, CA). Alternatively, the PCR products were resolved in 2% agarose gel and quantified using the Eagle eye gel imaging system (Stratagene, La Jolla, CA). All PCR products were cloned into the TOPO vector and their authenticity was confirmed by sequencing at the Baylor College of Medicine Core Facility.
ELISA Analysis of Endothelin-1
To determine the levels of EDN1 secreted from cultured mouse granulosa cells in response to PGR-A, media samples were collected 24 h after LacZ and PGR-A adenoviral vector infection. To establish the specificity of PGR effects on release of EDN1, media samples were collected from PGR-A-infected cells in the presence or absence of pretreatment with the PGR antagonist ZK98299 (1 nM). Media samples (100 ll) were analyzed by ELISA to determine EDN1 secretion as per manufacturer's instructions (human endothelin-1 ELISA kit, R&D Systems). ELISAs were also carried out using lysates prepared from whole ovaries of hormonally primed mice to determine the endogenous levels of EDN1 during ovulation and luteinization. Ovarian lysate protein (50 lg) was analyzed by ELISA as described above.
Statistics
Results are presented as the mean 6 SEM from at least three different experiments. Significant differences between groups were analyzed by ANOVA followed by the Neuman-Keuls test employing GraphPad Prism software (San Diego, CA). P values less than 0.05 were considered significant.
RESULTS
Expression of PGR-A and PGR-B in Granulosa Cells
PGR-A, PGR-B, and a DNA-binding mutant of PGR-A adenoviral vectors were generated at Vector Development Laboratory as described in Materials and Methods. To determine the temporal pattern of adenoviral expressed protein, primary rat granulosa cells were infected with PGR-A Myctagged adenoviral vector, and cell lysates were prepared at 6-, 12-, 24-, and 48-h postinfection. Additional cells were plated on coverslips, infected, and processed for immunofluorescent analyses. Western blot analyses of the cell lysates showed that PGR-A-Myc (;94 kDa) was detectable by 6 h and increased progressively by 48 h. Further studies were done at 16-h postinfection when levels of PGR-A protein were elevated but not excessive (Fig. 1 , A and D). Immunofluorescent analyses using an anti-Myc-tagged antibody revealed that PGR-A was localized to the nuclei of ;90% of the granulosa cells, indicating appropriate intracellular localization and a highly efficient degree of infectivity (Fig. 1B) . The functional activity of the adenoviral expressed PGR-A was confirmed by transiently transfecting the adenoviral-infected cells with a PGR-responsive, glucocorticoid response element promoter (GRE 2 -TATA luciferase promoter-reporter construct; [25] ). In the PGR-A-expressing cells, the activity of promoter-reporter construct was induced in the absence of ligand but was increased 6-fold further upon the addition of R-5020 (Fig. 1C) , a response that was blocked by PGR-A antagonist (RU486) treatment (data not shown). The Lac-Z-expressing cells did not respond to R-5020 treatment (Fig. 1C) . 
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Expression of PGR-B (;120 kDa) and PGR-A DBD mutant were also assessed by Western blot analyses of cell extracts prepared at 16 h after infection in granulosa cells (Fig. 1D) . In transfection assays, PGR-B induced GRE 2 -TATA-luciferase activity in response to R-5020 treatment whereas PGR-A DBD adenovirus had no effect on this construct (data not shown).
Gene Profiling Employing Affymetrix Chips
Identification of PGR-A target genes in mouse granulosa cells. Table 2 provides the list of genes that were induced significantly at 2-fold or above in response to PGR-A (P 0.01). Several genes previously shown to be regulated by PGR in vivo using wild-type and Pgr knockout mice were also induced [3] . These include cathepsin L (Ctsl) and a disintegrin and metalloproteinase with thrombospondin-like repeats (Adamts1) that were induced 2.3-fold by the PGR-A adenoviral vector. Other ovulatory networks that are known to be affected by PGR such as the EGF-like factor-EGF receptor (Egfr; 2.2-fold) [12, 24] and the regulator of G-protein signaling-2 (Rgs2; 2.5-fold) [26] were also found to be induced in PGR adenoviral-expressing cells. These results support the physiological importance and relevance of these microarray analyses of cultured granulosa cells that expressed adenoviral-delivered PGR-A. The other notable genes that were induced in response to PGR-A include apolipoprotein (Apoa1; 6.6-fold); aldehyde endothelin-1 (Edn1; 3-fold); cytochrome P450 family 27 subfamily a, polypeptide 1; and sulfotransferase family 1A, phenol-preferring, member 1 (Sult1a1; 2.5-fold). Addition of the ligand R-5020 to PGR-A-expressing cells did not alter the expression of these genes significantly compared to the expression profile in the absence of ligand ( Fig. 2 and Table 3 ).
Identification of PGR-B target genes in mouse granulosa cells. Expression of PGR-B had a more limited impact on gene expression in granulosa cells than that of PGR-A. Only 11
genes were induced at 2-fold or above the AdVLacZ controls ( Fig. 2 and Table 4 ). The genes induced include lymphatic vessel endothelial hyaluronan receptor 1 (Lyve1, previous symbol Xlkd1; 2.5-fold), Ctsl (2.3-fold), and endothelial lipase (Lipg; 2.1-fold). Except for Ctsl, Lyve1, and zinc finger and BTB domain containing 16 (Zbtb16, also known as PLZF; 2-fold induction), PGR-B induced a different set of genes from those induced by PGR-A. Addition of R-5020 to PGR-Bexpressing cells enhanced the expression of these and additional genes, also distinct from those induced by PGR-A ( Table 5 ). The genes induced include zinc finger CCCH type containing 13 3.1 (Zc3h13; 3.1-fold), Lyve1 (2.8-fold), Zbtb16 (2.8-fold), Ctsl (2.4-fold), carbonic anhydrase 12 (Car12; 2.3-fold), slit homolog 3 (Slit3; 2.1-fold), DNA methyltransferase 3A (Dnmt3a; 2.1-fold), and fatty acid-binding protein 4 (adipocyte) (Fabp4; 2.1-fold).
Characteristics of Genes Induced by PGR-A and PGR-B
The nature and characteristics of genes induced by PGR-A and PGR-B were analyzed by Ingenuity Pathway Analyses (IPA). PGR-A alone induced 43 genes, and PGR-A in the presence of ligand induced 45 genes (Fig. 2) . However, 66% of the genes that were induced under either conditions 2-fold or more were similar. That PGR-A induced a similar set of genes in the absence or presence of ligand could be attributed to the endogenous production of progesterone (2-4 ng/ml) by granulosa cells [16] because the PGR antagonist RU486 reduced the expression of selected PGR-A induced genes (see below). Ligand activation of PGR-B enhanced the same genes that were induced in the absence of ligand (Fig. 2) . Of note, only a few genes Zbtb16, Lyve1, Zfx (zinc finger protein Xlinked), and Ctsl were induced by both PGR-A and PGR-B. Because PGR-A is the most physiologically relevant isoform of   FIG. 3 . Induction of Edn1, Apoa1, and Cited1 in response to PGR-A expression or Fo/PMA treatment. A) Primary granulosa cells were isolated from eCG-treated mice, and after overnight culture, the cells were infected with the PGR-A adenoviral vector. In addition, some of the granulosa cells infected with LacZ or PGR-A were also treated with Fo and PMA or with RU486 to determine the effect of agonists or antagonists on gene expression profiles. B) At different time points after PGR-A infection, the cells were harvested, and total RNA was extracted to determine the expression of Edn1 and Cited1. The expression of Edn1, Apoa1, and Cited1 were determined by semiquantitative RT-PCR, and Rpl19 was employed as an internal control (n ¼ 3). ***P , PGR expressed in granulosa cells in vivo, genes that were induced by PGR-A were analyzed by IPA and shown to relate to vascular development, tissue and cell morphology, lipid and carbohydrate metabolism, and skeletal and muscular development. How these relate specifically to ovulatory events remain to be analyzed in vivo. The list of genes that are induced 1.5-fold or above in response to PGR-A or PGR-B are provided as Supplemental Tables S1-S4 (all the supplemental data are available online at www.biolreprod.org). PGR-A and PGR-B also reduced the expression of specific genes (Supplemental Tables S5-S8) . PGR-B appeared to repress the expression of more genes than PGR-A, but the significance of these effects will require further study.
Regulation of Expression in Mouse Primary Granulosa Cells
The specificity of the PGR-A-regulated genes identified by the microarray analyses was confirmed using RNA prepared from different sets of primary granulosa cell cultures and by use of the progesterone antagonist RU486 (Fig. 3A) . The genes tested by RT-PCR analyses included Edn1, Apoa1, Cited1, Arlf4, Sult1a1, Aldh3A1, Rgs2, Zfx, and Ampd3. PGR-A expression alone was able to induce the expression of Edn1, Apoa1, and Cited1 approximately 4-6-fold over basal levels, and this effect of PGR was blocked by RU486 treatment (Fig.  3A) . Addition of R-5020 did not enhance the effect of PGR-A alone (Fig. 3A) , most likely because of endogenous synthesis of progesterone by granulosa cells as indicated above [16] . The temporal pattern of induction of these genes occurred in parallel with PGR-A expression as confirmed with analysis of Edn1 and Cited1 expression (Fig. 3B) . Similar results were obtained with Arlf4, Sult1a1, Aldh3A1, Rgs2, Zfx, and Ampd3 on PGR-A-Myc expression (data not shown). These results show that a certain endogenous, physiological level of PGR is required for the induction of these genes.
Based on the observation that Edn1, Apoa1, and Cited1 are induced robustly by PGR-A in cultured granulosa cells, we chose these genes to investigate the effects of other key signaling pathways on PGR-A activity. Specifically, LacZexpressing cells were treated with Fo and PMA, which activate PKA and PKC signaling, respectively, in a manner similar to LH [20, 21] . Granulosa cells were also treated with AREG, an EGF-like growth factor that is known to mediate   FIG. 4 . Induction of Edn1, Apoa1, and Cited1 in response to PGR-A-DBD or PGR-B expression. Primary granulosa cells were isolated from eCG-treated mice, and after overnight culture, the cells were infected with AdVLacZ, PGR-A, PGR-A DBD, or PGR-B. At 18 h after infection, the cells were harvested, and total RNA was isolated to determine the expression of Edn1, Apoa1, and Cited1, which were determined by semiquantitative RT-PCR. Rpl19 was as employed as an internal control (n ¼ 3).
FIG. 5. EDN1 induction in supernatants of cultured mouse granulosa cells expressing PGR-A and mouse ovarian extracts following in vivo hormone treatments. A) PGR-A or LacZ adenoviral vectors were expressed in primary mouse granulosa cells, and 24 h later media samples were collected. The levels of EDN1 produced and released by the granulosa cells was determined by ELISA (n ¼ 3). The specificity of PGR was determined by pretreating the cultures with ZK98299 (ZK) prior to and during adenoviral expression of PGR-A. The values are expressed as pg/ml. B) EDN1 content in hormone-primed ovaries was analyzed after eCG or after eCG and hCG treatments at the time points indicated. Ovaries were homogenized in protein extraction buffer, and 50 lg of the total protein in 100-ll sample volume was subjected to ELISA (n ¼ some LH effects during ovulation [14, 22, 27] . As shown in Figure 3A , the addition of Fo/PMA to primary granulosa cells in the absence of PGR-A did not induce Edn1, Cited1, and Apoa1. This can likely be explained by the fact that endogenous expression of Pgr mRNA is not induced markedly until 4-h posttreatment with Fo/PMA [8, 20] . Likewise, AREG had no effect on the induction of Edn1, Cited1, and Apoa1 by itself or with PGR-A (data not shown). These results demonstrate that Edn1, Cited1, and Apoa1 are regulated in granulosa cells primarily by PGR-A compared to other ovulatory-related genes analyzed in previous studies that also respond to LH, AREG, or Fo/PMA [8, 12, 15, 16, 20, 21] .
To determine if the expression of Edn1, Cited1, and Apoa1 by PGR-A was unique to this isoform and required DNA binding of PGR, primary granulosa cells were infected with adenoviral vectors expressing either PGR-B or PGR-A DBD mutant. Interestingly, neither PGR-B nor PGR-A DBD induced Edn1, Apoa1, or Cited 1 (Fig. 4) . Nor did the expression of PGR-A DBD alter the PGR-A-mediated induction of Edn1, Apoa1, or Cited1 when PGR-A Myc and PGR-A DBD mutant were coexpressed together (Fig. 4) . These results confirm the microarray analyses showing that PGR-B did not induce Edn1, Cited1, and Apoa1 mRNAs.
EDN1 Production Is Increased in PGR-A Expressing Mouse Granulosa Cells in Culture, and EDN1 Content Is Increased in Ovaries during Ovulation
To determine if EDN1 protein levels were increased in the PGR-A-expressing cells and if the effect was PGR-specific, media samples from control and adenoviral-infected cells with or without the PGR antagonist ZK98299 were collected and analyzed by ELISA. As shown, the amount of EDN1 secreted into the media increased significantly at 24 h, a time when Edn1 mRNA was elevated (Fig. 5A) . The production of EDN1 protein in media was inhibited by ZK98299, providing supportive evidence that PGR-A regulates this gene.
To determine if changes in EDN1 protein also occurred in vivo, ovaries from hormone-primed (eCG-hCG) mice were isolated, and whole ovarian extracts were prepared. ELISA assays showed that EDN1 protein was present in ovaries of immature mice but decreased at 48 h after eCG treatment. After hCG treatment, there was a 2.5-fold increase in EDN1 protein by 8 h that was maintained during the ovulation and luteinization period compared to that of eCG-treated ovaries (Fig. 5B) . These results indicate a role for PGR-A in enhancing EDN1 biosynthesis and a potential functional role of EDN1 in the ovary in vivo.
Expression of Edn1, Apoa1, and Cited1 in Hormonally Primed Pgr Mutant Mouse Ovaries PGR-dependent regulation of Edn1, Apoa1, and Cited1 was also confirmed in eCG/hCG-primed Pgr mutant mouse ovaries. Analyses of mRNA expression at 4 and 12 h after hCG treatment of Pgr null (À/À) mice documented a significant decline in expression of Edn1 mRNA at 4 h and Cited1 and Apoa1 mRNA at 12 h (Fig. 6 ) when compared to heterozygous Pgr (þ/À) mice. The observed reduction was more than 75% for Edn1 and 60% for Apoa1 and Cited1. These results support the physiological relevance of the genes identified by expression of adenoviral PGR-A in mouse granulosa cells in culture as well as the microarray data for Cited1 and Rgs2 with Pgr null mice (provided by Dr. Sabine Mulders, ScheringPlough Corporation, Oss, The Netherlands).
DISCUSSION
The nuclear transcription factor PGR is functionally important for the LH-induced process of ovulation as documented by the generation of Pgr isoform-specific knockout mice [6] . Numerous genes regulated by disrupting the PGR gene in preovulatory follicles have been identified and include a diverse set of intracellular modulatory molecules [3, [7] [8] [9] [10] 12] . However, the mechanisms by which these genes are regulated by PGR in vivo are complicated by many factors, including the fact that PGR itself is an LH-induced gene and the fact that its activity can be enhanced by LH-regulated signaling cascades [5, 28] . Thus, it is difficult to dissociate distinctly the effects of LH on the induction of PGR per se versus the activation of PGR and the role of PGR alone in controlling gene expression patterns in granulosa cells. Therefore, to analyze the role of PGR isoforms in a more highly defined and less complex model, we used an adenoviral delivery strategy. The results presented herein provide the first gene-profiling analyses in which either PGR-A or PGR-B was elevated in granulosa cells in the absence of LH or the activation of LH-signaling cascades. Importantly, more than 50 genes were induced 2-fold or greater by PGR-A alone, including four targets known to be altered in the Pgr null mice: cathepsin L (Ctsl) [16] , Adamts1 (Adamts1) [15] , Cited1 (herein), and Rgs2 (unpublished microarray data). Some of the PGR-regulated genes were further induced in the presence of the ligand R-5020, whereas others were not (Tables 1 and 2 ). The genes that were induced most dramatically include Apoa1, Cited, Edn1, Aldh3A1, Lyve1, Zfx, Ampd3, Arlf4, Sult1a1, and Rgs2. Although some of these genes may affect ovulation, others may exert functions related to angiogenesis or to oocyte maturation that have not been revealed by previous studies.
ALDH3A1 protects cells against oxidative stress through a variety of biological functions such as the metabolism of toxic aldehydes produced during the peroxidation of cellular lipids, the generation of the antioxidant NADPH, the scavenging of reactive oxygen species, and the possession of chaperone-like activity [29] . Because events associated with ovulatory process are associated with oxidative stress, the induction of ALD-H3A1 by PGR-A may be functionally relevant to similar processes in ovulating follicles [30] . Lyve1 is a type I integral membrane glycoprotein and acts as a receptor that binds to both soluble and immobilized hyaluronan. Lyve1 as a hyaluronan receptor may function in lymphatic hyaluronan transport and has a role in tumor metastasis [31] . Because hyaluronan forms the backbone of the extracellular matrix generated during expansion of the cumulus cell oocyte complex, this protein may affect matrix formation or stability [32] . The X-linked zinc finger gene (Zfx) is a transcription factor and candidate gene for ovarian maintenance and has been implicated in premature ovarian failure [33] . AMPD3 catalyzes the conversion of AMP to inosine monophosphate and thereby plays an important role in purine and urate metabolism [34] . ADP-ribosylation factor-like protein 4A (ARL4A) is a Ras-related GTPase involved in vesicle trafficking and phospholipase D-mediated signal transduction [35] . Sult1a1 is a sulfotransferase of phenol ring-containing endogenous metabolites and xenobiotics [36] . The process of sulphation has been found to be critical in ovarian function because the Sult1e1 gene encodes a estrogen sulfotransferase that catalyzes the sulphation of estrogen, resulting in its inactivation; the Sult1e1 gene is induced in ovulating follicles and appears to affect ovulation [37] . Studies on human Sult1a1 promoter have documented SP1 as a critical transcriptional regulator and thus may be regulated by PGR via the SP1 sites [38] . The specific substrates of SULT1A1 remain to be determined. RGS2 is a GTPase that regulates G-protein signaling by inactivating the heterotrimeric activated Gproteins that are activated by ligand binding to G proteincoupled receptors [39] . In addition, RGS2 is known to act in conjunction with cGMP signaling to regulate blood pressure [39] . Rgs2 mRNA is induced in preovulatory granulosa cells in vivo in response to LH and hCG [26] and may function to regulate the gonadotropin-signaling and cGMP-signaling pathways [8, 40] . Because PGR regulates the expression of cGMP-dependent protein kinase (Prkg2) in granulosa cells of preovulatory follicles [8] , the cGMP-signaling cascades may control events yet to be determined. Collectively, the genes described may affect on the cellular events associated with ovulatory process, and, therefore, the coordinated induction of these genes by PGR-A may be important for successful ovulation.
Edn1, Apoa1, and Cited1 were also up-regulated by PGR-A in cultured granulosa cells and down-regulated in ovaries of hormonally primed Pgr null mutant mouse ovaries (herein and microarray data provided by Dr. Sabine Mulders), indicating that these genes are physiologically relevant targets of PGR during the ovulation and luteinization period in vivo. In addition, these genes were deemed of particular interest because of their potential link to angiogenesis, a process that is initiated only in the granulosa cell layer at the time of ovulation [41, 42] . EDN1 stimulates neovascularization and angiogenesis in many tissues by inducing VEGF [43] . EDN1 has been documented to be expressed in follicles and corpora lutea and has a functional role at these sites [44] . Recently, Kawamura et al. showed that Edn1 was induced in mural granulosa cells of mouse preovulatory follicles following LH/ hCG stimulation and that it may play a role in the resumption of meiosis in oocytes [45] . That the observed induction pattern of Edn1 mRNA in our study was different from that of Kawamura et al. could be due to the different strains of mouse employed and/or to the doses of the hormone treatment, which were much higher in their experiments. Edn1 null mice die of respiratory failure at birth and have morphological abnormalities within the pharyngeal arch-derived craniofacial tissues and organs. Edn1 þ/À heterozygous mice, which produce lower levels of EDN1 than wild-type mice, develop elevated blood pressure [46] . These results suggest that EDN1 is essential for normal mouse development and may also play a physiological role in cardiovascular homeostasis [46] . Although no specific ovarian defects have been reported in the Edn1 þ/À mice, they may have been overlooked or require conditional disruption of the gene in granulosa cells to uncover specific functions. Additionally, Endothelin-2 is expressed in ovulating follicles and appears to affect follicle rupture; the expression of End2 occurs later than that of Edn1 [9, 47] .
CITED1, which has been shown to be regulated by EDN1, interacts with numerous transcription factors, including CBP/ p300, SMAD4, and the estrogen receptor [48] [49] [50] , to regulate cell functions such as angiogenesis during placentation. Loss of Cited1 resulted in abnormal placental development related to altered vascular development [51] ; specifically, Cited1 null mutants show growth restriction at 18.5 days postcoitum, and most of embryos die shortly after birth [51] . CITED1 is also known to enhance mammary gland ductal development through its regulation of estrogen and TGFb-responsive genes, such as the EGFR/Erbb1 and the EGFR ligand AREG [52] , that are also critical for the ovulatory process [24, 27] . Although all of these observations would suggest a role for CITED1 in the ovary, no specific data have been found in the literature.
High-density lipoprotein (HDL) has been documented to be a potent endothelial cell specific mitogen and an angiogenic factor in the ovary through its delivery of lysosphingolipid sphingosine-1-phosphate [53] [54] [55] . APOA1 is the primary protein constituent of HDL that regulates its assembly and function [56] . Recently, follicular fluid HDL has been shown to regulate angiogenesis in the ovary [55] . Thus, PGR may regulate ovarian angiogenic activities in the ovary by inducing Apoa1 expression. In this context, it is interesting to note that PGR affects angiogenesis in the uterine endometrium and the mammary gland [57, 58] . However, Apoa1 null mice are fertile although the lipid and apolipoprotein compositions of HDL in Apoa1 null mice differ from those in wild type mice [59, 60] . Recent studies have also indicated that Apoa1 may affect oocyte maturation and fertility potential [61] . In this regard, HDL receptor null females mice are infertile due to ovarian defects as a consequence of altered lipoprotein metabolism, but this is reversible [59] .
That the PGR-regulated genes identified in the PGR adenoviral-expressing granulosa cells may be physiologically relevant is supported by the results of the current study and previously reported analyses of PGR-regulated genes. The mechanism(s) by which PGR-A regulates these genes remains to be determined. However, because the induction of Adamts1, Prkg2, and Snap25 by PGR-A occurs, at least in part, by its interactions with SP1, it appears that PGR-A can act as a potent coregulatory molecule for SP1 [8, 10, 16] as well as other factors [25] . Promoter analyses of the Cited1, Edn1, and Apoa1 410 genes have not documented PRE/GRE sites within 2 kb of the 5 0 -flanking region [62] [63] [64] [65] . Rather, the Cited1 promoter has a TATA box and potential binding sites for several transcription factors including USF1/2, POU4F1 (BRN-3), POU3F2 (BRN-2), TCFE3, SLC22A1 (OCT1), FABP4 (AP2), as well as SP1 [62] . The endothelin-1 promoter contains a TATA box and is regulated in other tissues by GATA2, JUN (AP1), and VEZF1/ DB1 transcription factors [63] [64] [65] . The Apoa1 promoter contains a TATA box, SP1-binding site in addition to FOXA2 (HNF-3b)-and retinoid-binding sites [66] . There is no documented glucocorticoid-or estrogen receptor-binding site at the Apoa1 promoter [66] . Although it is tempting to speculate that PGR may interact as a coregulator with transcription factors, such as SP1, SP3 or JUN, to transactivate the Edn1, Apoa1, and Cited1 genes [7, 67, 68] , PGR-A may also bind a critical PRE site(s) beyond 2-kb region of the promoter and regulate gene expression as observed with other nuclear hormone receptors [69] . It is interesting that these PGR-A regulated genes in granulosa cell are not targets of PKA, PKC, or EGF-like growth factors. In addition, our results also suggest the requirement of PGR binding to DNA for induction of these genes. PGR-B induced a different set of genes compared to PGR-A, thereby confirming results obtained in the Pgr tm1Omc (PRAKO) versus Pgr tm2Omc (PRBKO) knockout mice [70, 71] . IPA analyses also indicated that the PGR-B induced genes affect networks linked to inflammatory cytokines, such as Il1 and TNF (TNFa), that are relevant to the ovulatory process (data not shown). However, because the Pgr tm2Omc null mice are fertile, the genes regulated by this PGR isoform do not appear to be critical for ovulation [72] .
In summary, these studies document that PGR-A and PGR-B can induce specific genes in granulosa cells in culture in the absence of LH and the activation of other signaling cascades, and provides support for the notion that these two receptor isoforms exert specific effects in granulosa cells. That Edn1, Cited1, and Apoa1 are primarily regulated by PGR-A in cultured granulosa cells and are regulated by PGR in vivo indicates that PGR-A may directly affect their expression during the ovulation and luteinization processes.
